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Graft polymers characterized by a high density of grafted chains
were named ‘‘molecular polymer brushes’’. They have experi-
mental and theoretical interest due to their extended worm-like
conformations in solution as well as on surfaces.1–4 Polymer
brushes have been considered as supersoft elastomers,5,6 as
molecular actuators,7 or as synthetic substitutes for proteogly-
cans.8 Combined with the concept of amphiphilic block copoly-
mers (often referred to as macrosurfactants),9–14 the resulting
amphiphilic polymer brushes have been recently introduced as
a new class of polymeric surfactants.15–19 Due to their increased
pre-organisational level by virtue of the complex macromolec-
ular structure and to their sheer size, amphiphilic polymer
brushes may be expected to exhibit unique aggregation behav-
iour in bulk, in selective solvents as well as at surfaces, which
extends the already well-established concepts of aggregation of
amphiphilic block copolymers in aqueous solutions to a larger
and more complex dimension.9,20
Within the group of amphiphilic polymer brushes, a new
subclass are ‘‘dual brush’’ block copolymers, which are charac-
terised by densely grafted hydrophilic and hydrophobic linear
side chains attached to dissimilar units of the polymer backbone
(Scheme 1). The ability of such ‘‘giant surfactants’’ to self-
organise in aqueous solution thereby forming giant micelles and
at solid surfaces has been demonstrated recently.17 As theirPolym. Chem., 2011, 2, 137–147 | 137
Scheme 1 Comparison of the architecture of a standard surfactant,
a macrosurfactant, and a giant surfactant (from top to bottom). The left
( ) and the right side (B) represent the hydrophobic and hydrophilic
elements, respectively.
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View Article Onlinesynthesis is complex, amphiphilic dual brushes have been virtu-
ally unknown up to now.15–19
A particularity of the design of such amphiphilic dual brushes
is their pronounced response to a selective solvent that makes the
solvophilic block swell, while the solvophobic block collapses.
Accordingly, a dual brush made of two blocks of equal graft
lengths will dissolve in selective solvents for either of the blocks,
however, the volume of the swollen blocks will be much larger
than the volume of the collapsed blocks,17 implying the forma-
tion of very small aggregates.9,21 If, however, a more balanced
situation between the volumes occupied by the swollen and the
collapsed blocks is aspired, the grafts of the solvophilic block
must be much shorter than the grafts of the solvophobic one.
This implies, for the use of dual brush polymers in water, that the
hydrophilic grafts should be preferentially shorter than the
hydrophobic ones (cf. ESI†, Scheme S1).
Recently, we reported on amphiphilic dual brush diblock as
well as triblock copolymers,17 made accessible by superposing
two methods of controlled free radical polymerisation,22–24
namely by the RAFT (Reversible Addition Fragmentation chain
Transfer) and by the NMP (Nitroxyl Mediated Polymerisation)
methods. These giant surfactants contained polystyrene brushes
as a hydrophobic block and poly(ethylene glycol) (PEG) brushes
as a hydrophilic block. When dispersed in water, they assemble
into large, well-defined spherical micelles, which were so stableFig. 1 Chain transfer agents, monomers and polymers studied.
138 | Polym. Chem., 2011, 2, 137–147that they could be deposited intactly onto solid surfaces, exhib-
iting certain similarities to latex particles. Characteristically in
these first examples, the hydrophobic block consisted of a poly-
mer brush with a high glass transition temperature (Tg (poly-
styrene) z 105 C) such that the hydrophobic domains were
glassy at ambient conditions. In fact, amphiphilic polymers with
a high Tg micellar core form typically so-called ‘‘frozen micelles’’
when associating in water, which cannot rearrange once formed.
Therefore, the structures observed may be far from equilib-
rium.25–27
To enlarge the scope of the possible self-assembled structures,
we present the synthesis and aggregation behaviour of new
examples of amphiphilic dual brush triblock copolymers, which
contain now a soft hydrophobic block, i.e., a hydrophobic
polymer brush with a low glass transition temperature (Fig. 1).
This modified design offers that the aggregates formed may be
closer to equilibrium and that the aggregates might (at least
partially) reorganize in changing environments. Again, the new
polymers were prepared by combining two methods of controlled
free radical polymerisation, but now combining the RAFT and
the ATRP (atom transfer radical polymerisation) techniques.
While making use of a PEG-based macromonomer to prepare
the hydrophilic blocks, the hydrophobic brush block was grown
by the ATRP method. This required the use and incorporation of
a different type of hydrophobic inimer than previously,17 now
carrying an activated halogen atom in the side chain (Fig. 1).
The change from NMP to ATRP for the grafting step was
motivated by the formation of a certain amount of polystyrene
homopolymer in our previous strategy,17 due to the self-initiation
of styrene at high temperature. The homopolymer could not be
fully removed, so that it might affect the self-assembly behaviour
of the dual brush block copolymers. We reasoned that the use of
ATRP might reduce this problem, in particular when the poly-
merizations are run at temperatures lower than 130 C as applied
previously. Also, ATRP gives access to the polymerization of
other monomer groups than useful in NMP.22,23 Still, the
successive combination of RAFT and ATRP polymerizations
without the use of protective group chemistry has been hardly
explored so far.28 Hence, it was not clear whether a large number
of ATRP initiating sites would be compatible with a successful
controlled RAFT polymerisation, as needed to construct the
skeleton of the block copolymers (explaining our initial prefer-
ence for the combination of RAFT and NMP).Experimental
Materials
n-Butyl acrylate (BuA, Aldrich, 99%) was distilled in vacuo.
Poly(ethylene glycol monomethyl ether acrylate) (PEGA,
Aldrich [32171-39-4], number average degree of ethoxylation
9–10 according to 1H NMR) was passed through a column filled
with basic Al2O3 (Merck, activity I, 0.0630–0.200 mm) to remove
the inhibitor prior to polymerisation. 2,20-Azobis(isobutyroni-
trile) (AIBN, Acros-Organics, 98%) was crystallised from
methanol and dried in vacuo. Other solvents used for polymeri-
sation and purification were analytical grade and used as
received. Zellu-Trans dialysis tubes (nominal molar mass cutoff
of 4000–6000 D) were from Roth. Bisbenzyl trithiocarbonateThis journal is ª The Royal Society of Chemistry 2011
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View Article Online(CTA1) and 2,6-bis-butylsulfanylthiocarbonyl-sulfanyl-
heptanedioic acid dimethyl ester (CTA2) were synthesised as
reported before.29 The monomer 2-chloropropionyloxyethyl
acrylate (ClPEA) was synthesised following literature proce-
dures.30 The synthesis of inimer 2-(20-bromo-2-methyl
propionyloxy)ethylacrylamide (BrMPAEA) is given in the ESI†.
Synthesis of polyPEGA. In a typical procedure, a mixture of
poly(ethylene glycol) monomethyl ether acrylate (5 g, 1.1 mmol),
CTA2 (6.4 mg, 2.2  105 mol) and AIBN (0.36 mg, 2.2  106
mol) in dry EtOAc (10 mL) was degassed by three freeze–pump–
thaw cycles, sealed, and placed in an oil bath at 65 C. After 21 h,
the reaction was stopped by cooling. The solution was dialysed
against deionised water. The aqueous polymer solution was
lyophilised and dried under high vacuum to give polymer
(PEGA)384 (3.88 g).
1H NMR (300 MHz, CDCl3): dH 1.56 (br s,
-CH2- backbone), 1.84 (br s, -CH2- backbone), 2.26 (br s, -CH-
backbone), 3.35 (s, CH3O-), 3.61 (br s, -CH2-O-CH2-), 4.12 (br s,
-COOCH2-). Polymer (PEGA)858 was synthesized analogously
using a ratio [M] : [CTA] : [AIBN] as specified in Table 1.
Synthesis of polyClPEA. In a typical procedure, a mixture of
ClPEA (3 g, 14.5 mmol), CTA2 (21.1 mg, 7.2  105 mol) and
AIBN (1.2 mg, 7.2  106 mol) in dry benzene (15 mL) was
degassed by three freeze–pump–thaw cycles, sealed, and placed
in an oil bath at 65 C. After 7 h, the reaction was stopped by
cooling and precipitated into methanol to give polymer
(ClPEA)114 (1.66 g).
1H NMR (300 MHz, CDCl3): dH 1.52
(br s, -CH2- backbone), 1.69 (d, J ¼ 6.91 Hz, ClCCH3), 1.95
(br s, -CH2- backbone), 2.36 (br s, -CH- backbone), 4.31 (br s,
-CH2CH2-O), 4.36 (br s, -CH2CH2-O), 4.46 (q, J ¼ 6.91 Hz,
ClCHCOO-). Polymers (ClPEA)177 and (ClPEA)680 were
synthesized analogously by varying the ratio
[M] : [CTA] : [AIBN] and replacing CTA2 by CTA1, as speci-
fied in Table 1.Table 1 Synthesis conditions and characterization of poly(PEGA-b-ClPEA-
initiated by AIBN
Entry Polymer RAFT agent
Reactant ratios
[M] : [CTA] : [AIBN
1 (ClPEA)177 CTA1 200 : 1 : 0.1
2 (ClPEA)680 CTA1 1000 : 1 : 0.1
3 (ClPEA)114 CTA2 200 : 1 : 0.1
4 (PEGA)384 CTA2 500 : 1 : 0.1
5 (PEGA)858 CTA2 1000 : 1 : 0.1
6 (PEGA)192-b-(ClPEA)72-b-
(PEGA)192
(PEGA)384 300 : 1 : 0.1
7 (PEGA)429-b-(ClPEA)470-b-
(PEGA)429
(PEGA)858 1000 : 1 : 0.1
8 (PEGA)375-b-(ClPEA)680-b-
(PEGA)375
(ClPEA)680 1000 : 1 : 0.1
a Determined by 1H NMR analysis of the crude product. b Calculated from
calibrated against polystyrene standards. d Calculated by end group analysi
e Calculated by end group analysis via UV band (l ¼ 309 nm, 3CTA1 ¼ 16 9
according to 1H NMR, assuming that Mn,theo of the 1
st block is preserved in
This journal is ª The Royal Society of Chemistry 2011Synthesis of poly(PEGA-b-ClPEA-b-PEGA). In a typical
procedure, a mixture of macro-RAFT agent (PEGA)384 (0.5 g,
Mn ¼ 175 000), monomer ClPEA (0.177 g, 8.5  104 mol) and
AIBN (0.046 mg, 2.85  107 mol) in dry ethyl acetate (2.5 mL)
was degassed by three freeze–pump–thaw cycles, and placed in
an oil bath at 65 C. The reaction was stopped after 7 h by
cooling. The solution was dialyzed first against ethanol and
subsequently against deionised water. The aqueous polymer
solution was lyophilised to give block copolymer (PEGA)192-b-
(ClPEA)72-b-(PEGA)192 (0.51 g).
1H NMR (300 MHz, CDCl3):
dH 1.60 (br s, -CH2- backbone), 1.68 (d, J ¼ 6.91 Hz, ClCCH3),
1.86 (br s, -CH2- backbone), 2.30 (br s, -CH- backbone), 3.36
(s, CH3O-), 3.63 (br s, -CH2-O-CH2-), 4.15 (br s, -COOCH2-),
4.29 (br s, -CH2CH2-O), 4.36 (br s, -CH2CH2-O), 4.45 (q, J ¼
6.91 Hz, ClCHCOO-). Copolymer (PEGA)429-b-(ClPEA)470-b-
(PEGA)429 was made analogously (Table 1).
In contrast, the synthesis of (PEGA)375-b-(ClPEA)680-b-
(PEGA)375 started from the alternative macro-RAFT agent:
a mixture of (ClPEA)680 (1 g, 7.1  107 mol), PEGA (3.2 g, 7.1
 103 mol) and AIBN (0.1 mg, 7.1  107 mol) in dry ethyl
acetate (21 mL) was degassed by three freeze–pump–thaw cycles,
and placed in an oil bath at 65 C. The reaction was stopped after
24 h by cooling. The solution was dialyzed against deionised
water. The aqueous polymer solution was lyophilised to give
3.5 g of (PEGA)375-b-(ClPEA)680-b-(PEGA)375.
Grafting of poly(n-butyl acrylate) (polyBuA). In a typical
procedure, macroinitiator (PEGA)192-b-(ClPEA)72-b-(PEGA)192
(0.200 g, Mn ¼ 189 000, corresponds to 7.6  105 mol initiating
Cl groups) was dissolved in ethyl acetate (0.24 g, 10%) and CuCl
(7.5 mg, 7.6  105 mol). BuA (1.95 g, 15.1 mmol) and toluene
(2.4 g) were added. The reaction mixture was purged with argon
for 30 min, PMDETA (13.1 mg, 7.6  105 mol) was added and
the mixture was polymerized at 70 C for 7 h. The reaction was
quenched by cooling and precipitated into methanol/waterb-PEGA) reactive macro-surfactants by RAFT polymerisation at 65 C,
] Time/h
Conv.a
(%)
Molar mass
Theoryb SECc
PDI
Spectroscopic
analysis Mn 
103/g
mol1
Mn,theo
 103/g
mol1
Mn,app
 103/g
mol1
8 75 31 21 1.34 36d
48 68 140 57 2.13 160d
7 53 22 13 1.36 24e
21 77 175 16 1.26 220e
50 90 408 26 1.26 590e
7 38 190 16 1.30 189f
88 44.5 500 33 1.68 505f
24 77 489 12 2.55 480f
conversion  [M]/[CTA]. c Eluent THF, RI detection, apparent values,
s via UV band (l ¼ 309 nm, 3CTA1 ¼ 30 930 L mol1 cm1 in CH2Cl2).
00 L mol1 cm1 in CH2Cl2).
f Calculated from the compositional data
the block copolymer.
Polym. Chem., 2011, 2, 137–147 | 139
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View Article Online(80 v/20 v). The polymer was isolated and dried in vacuo to yield
the dual brush block copolymer TriB-1 (1 g). 1H NMR (300
MHz, CDCl3): dH 0.93 (t, J ¼ 7.25 Hz, -CH3), 1.37 (m,
-CH2CH3), 1.59 (m, -CH2-), 1.90 (br s, -CH2- backbone), 2.27 (br
s, -CH- backbone), 3.37 (s, CH3O-), 3.64 (br s, -CH2-O-CH2-),
4.03 (br s, -CH2COO-), 4.16 (br s, -CH2COO-). Block copolymer
brushes TriB-2, TriB-3 and TriB-4 were prepared analogously, as
specified in Table 2.
Cleavage of the polyBuA branches. In a typical procedure,
amphiphilic brush copolymer (50 mg) was dissolved in 3 mL of
CHCl3, and 20 mL of n-butanol and 10 drops of concentrated
H2SO4 were added. The mixture was sealed and let for reaction at
80 C for 7 days. After cooling, the solvent was removed in vacuo.
The remaining polymer was redissolved in CHCl3, extracted with
a small amount of water, the organic phase was separated, and
the solvent was distilled off. The remaining polymer mixture was
analyzed by GPC.
Preparation of aqueous solutions. Aqueous solutions of
amphiphilic brush block copolymers were prepared by two
protocols. In protocol A, amphiphilic brush block copolymer
was dissolved in THF, water was added dropwise under stirring,
and subsequently, THF was slowly evaporated under ambient
conditions. The polymer concentration was finally adjusted to
1 wt% by adding pure water. In protocol B, a mixture of water/
DMF (10 v/1 v) was added to the polymer in THF. The samples
for SANS were prepared by the same protocols but using D2O
instead of H2O in order to enhance contrast. After diluting the
solutions by a factor of 50 with the appropriate solvent, the same
samples were also used for the static and dynamic light scattering
studies.Methods
SEC of the polymers was run at 25 C in THF (flow rate: 1.0 mL
min1) using a TSP apparatus (Thermo Separation Products
from Thermo-Finnigan GmbH, Dreieich, Germany) equipped
with a Shodex RI-71 refractive index detector, a TSP UV
detector (260 nm), and a set of PSS SDV columns (styrene/
divinyl benzene, 1000 A˚ and 10 000 A˚ porosity, and 5 mm particle
size). Calibration was performed with polystyrene standards
(PSS GmbH Mainz, Germany). 1H and 13C NMR spectra were
taken with a Bruker Avance 300 apparatus. All spectra are
referenced to the solvent residual peak (CHCl3 at 7.26 ppm).
Monomer conversions were measured before work-up by
comparing the intensity of the vinyl proton signals of the
monomers PEGA or ClPEA with the intensity of characteristic
signals of the polymers. For the dual brush polymers, monomer
conversions were approximated via the polymer yields as deter-
mined gravimetrically and the theoretically expected molar mass
values were estimated according to eqn (1):
Mn,theor ¼ (conversion  Mr,monomer  [M]/[chlorine])
+ Mr,precursor (1)
Thermal properties were measured with DSC 822 differential
scanning calorimeter (Mettler Toledo) under a nitrogen atmo-
sphere, heating rate 10 K min1, and cooling rate 5 K min1.This journal is ª The Royal Society of Chemistry 2011
Scheme 2 Synthetic strategies to amphiphilic dual brush block copoly-
mers.
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View Article OnlineDynamic light scattering data (DLS) were accumulated at
a scattering angle of q ¼ 173 (backscattering detection) with
a high-performance particle sizer (HPPS-ET, Malvern Instru-
ments, UK) equipped with a He–Ne laser (l ¼ 633 nm) and
a thermoelectric Peltier element for temperature control. Auto-
correlation functions were analyzed with the CONTIN method.
Apparent hydrodynamic diameters Dh were calculated according
to the Stokes–Einstein equation, Dh ¼ kT/3phDapp, with Dapp
being the apparent diffusion coefficient and h being the viscosity
of the solution. Prior to measurements, the polymer solutions
were filtered into a quartz glass cuvette (Suprasil from Hellma,
Germany) with an optical path length of 1.9 cm using a WICOM
OPTI-Flow 0.45 mm disposable filter. Samples employed for the
SANS measurements were characterized by angle dependent
dynamic and static light scattering (DLS and SLS) at 25 C using
a setup consisting of an ALV 7004 Correlator, an ALV CGS-3
Goniometer and a He–Ne laser with a wavelength of 632.8 nm in
the laboratory PSCM of ILL (Grenoble, France). Cylindrical
sample cells were placed in an index matching bath filled with
toluene. Autocorrelation functions as well as the mean intensity
were recorded under different angles between 30 and 150.
SANS experiments were done on the instrument D11 of the
Institut Laue-Langevin (ILL, Grenoble, France), with scattered
neutrons recorded on a 128  128 He3 detector of 96  96 cm2. A
wavelength of 0.6 nm (FWHM 10%) and sample-to-detector
distances of 1.2, 8 and 34 m were employed with collimation at 4,
8 and 34 m, respectively, thereby covering a q-range of 0.02–
5.2 nm1, where q is the magnitude of the scattering vector
defined as:
q ¼ 4p
l
sin

q
2

(2)
here q is the scattering angle and l the wavelength. The sensitivity
of the detector was accounted for by comparing to the scattering
of a 1 mm sample of water, the level of which—being known
from calibration with polymer standards—was also used for
absolute scaling. Samples were contained in quartz cuvettes
(QS, Hellma) and measured at room temperature. The sample
thickness (2 mm) and transmission, the dead time, and electronic
background were accounted for and the background due to the
scattering of the beam with an empty cell was subtracted. Hence,
the scattering intensities given still contain the scattering
contribution of the solvent and the incoherent scattering. The
obtained data were finally radially averaged and merged using
standard routines.31
For Scanning Force Microscopy (SFM), a droplet of polymer
solution in CHCl3 (0.01 g L
1) was deposited on a freshly cleaved
mica surface and spun off after 5 s. The surface was dried under
a flux of nitrogen gas and then imaged by SFM in tapping-mode
under ambient conditions, employing a Nanoscope 3a (Veeco,
USA), using silicon cantilevers (Olympus, Japan) with a typical
resonance frequency of 300 kHz and a spring constant of about
42 N m1. Both height and phase images were recorded.Results and discussion
Three different strategies may be conceived to synthesise
amphiphilic dual brush block copolymers (Scheme 2). The first is
sequential polymerisation of hydrophilic and hydrophobicThis journal is ª The Royal Society of Chemistry 2011macromonomers.18,32 In this strategy, inherent problems arise
from the poor compatibility of the hydrophilic and hydrophobic
macromonomers, in particular in the case of high molar masses.
In the second strategy, independently prepared hydrophobic and
hydrophilic brushes are covalently coupled. This strategy
requires highly efficient coupling reactions, as e.g. applied in
‘‘click’’ chemistry.33 So far, this approach has been limited to
hydrophilic polymers,34 owing to the incompatibility of hydro-
philic and hydrophobic brushes. The third strategy exploits
sequential grafting-from polymerisations to create the dual
brushes, by using a macroinitiator block copolymer with two
different and independently addressable initiating sites. Exam-
ples for this strategy are very scarce35 and have not been applied
to amphiphilic dual brushes yet. Noteworthy, our approach is
based on the polymerisation of inimer 2-chloropropionyloxy-
ethyl acrylate (ClPEA) to give directly the macroinitiator blocks,
without the need for post-polymerisation modifications, as done
before.36–38
In this work, we synthesised the amphiphilic dual brush
copolymers by combining strategies 1 and 3, i.e. by superposing
the macromonomer and the grafting-from strategies. While
RAFT polymerisation was applied to synthesise the macro-
initiator block copolymer in two steps from a hydrophilic mac-
romonomer and a hydrophobic inimer, ATRP was used to grow
the hydrophobic brush from the inimer initiating sites
(Scheme 3). The final polymers were made of poly(butyl acrylate)
as a hydrophobic brush block and poly(ethylene glycol) (PEG) as
a non-ionic hydrophilic brush block. Both polymer brushes
represent soft blocks as their glass transition temperatures are
well below 0 C.
Amphiphilic triblock copolymers that bear reactive C–Cl
groups suited for initiating ATRP were made by the consecutive
RAFT copolymerisation of the hydrophilic macromonomer
PEGA and of inimer ClPEA. Depending on the RAFT agent
employed, the R- (in the case of using CTA1) or the Z-groups
(in the case of using CTA2) were placed in the center of the
growing polymer chains, thus requiring polymerization of the
inimer first in the former case or of the hydrophilic macro-
monomer first in the latter case. Subsequently, the pendant
chlorine moieties served as initiating sites for the ATRP poly-
merisation of BuA via a grafting-from approach, yielding the
dual brush polymers finally.Polym. Chem., 2011, 2, 137–147 | 141
Scheme 3 Synthesis of amphiphilic poly(PEGA-b-(ClPEA-g-BuA)-b-PEGA) dual brush block copolymer.
Fig. 2 (a) SEC traces of (i, continuous line) (PEGA)384, (ii, dashed line)
(PEGA)192-b-(ClPEA)72-b-(PEGA)192, and (iii, continuous line) TriB-1 in
THF as eluent. (b) SEC traces of (i, continuous line) TriB-1 and (ii,
continuous line) of corresponding polyBuA graft chains after the cleavage
in THF as eluent.
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View Article OnlineSynthesis of the linear macrosurfactant precursor block
copolymers
RAFT polymerisations were performed with CTA1 and CTA2,
respectively, as bifunctional RAFT agents. Both are known to
produce well-defined symmetrical ABA or BAB triblock copoly-
mers.29 The polymerisation of ClPEA mediated by both CTA1
and CTA2 provided (ClPEA)177 and (ClPEA)114, respectively,
with monomodal molar mass distributions (Table 1). The rela-
tively narrow polydispersities of 1.3 indicate good control over
the polymerisation process.
As the molar masses measured by SEC analysis are at best only
approximate because of the calibration by polystyrene standards,
molar masses were determined by end-group analysis via UV-
spectroscopic determination of the trithiocarbonate content,
under the assumption that the polymer bears exactly two tri-
thiocarbonate end groups. The good agreement of the obtained
values with the theoretically predicted ones demonstrates the
successful synthesis of well-defined polyClPEA macroinitiators.
Note that under RAFT polymerisation condition, the pendant
chlorine moiety is inert according to the thermogravimetric and
1H NMR analysis (see ESI†, Fig. S1). Thus every repeat unit of
polyClPEA bears one pendant chloride site, i.e. functionalisation
is quantitative. However, when increasing the ratio of monomer
to CTA1, the obtained macroinitiator (ClPEA)680 showed
a broadened molar mass distribution (Table 1), pointing to
a gradual loss of control over the polymerisation, as one reaches
the limits of the controlled free radical polymerisation concept.22
Note that the finding that the halogen bearing inimer ClPEA
undergoes a well controlled RAFT polymerization is not trivial.
For instance, inimer 2-(20-bromo-2-methyl propionyloxy)-
ethylacrylamide, BrMPAEA, which is also suited to initiate
ATRP, can be successfully polymerized under RAFT conditions,
too. Though, the control of the molar masses and the molar mass
distribution is poor, a considerable amount of thiocarbonyl end
groups is lost (see ESI†). This difference is attributed to the more
labile C-halogen bond in BrMPAEA (tertiary C–Br bond)
compared to ClPEA (secondary C–Cl bond) giving rise to more
side reactions.
Analogously, the polymerisation of macromonomer PEGA,
mediated by CTA2, provided the hydrophilic brush (PEGA)384142 | Polym. Chem., 2011, 2, 137–147with monomodal molar mass distributions (see Table 1). Again,
the relatively narrow polydispersities of about 1.2 indicate good
control over the polymerisation process. Even more pronounced
than found for the polymers of ClPEA, the apparent molar mass
deduced from SEC using calibration by polystyrene standards
differs strongly from the value determined by end-group analysis
via UV-spectroscopy (Table 1). The latter value, however, agrees
well with the theoretically predicted one, indicating the successful
synthesis of a defined polyPEGA macro-RAFT agent. The
marked mismatch of the molar masses of the polyPEGA brushes
when calibrating the SEC elugrams by linear polystyrene stan-
dards is not surprising, as elution speed in SEC depends on the
hydrodynamic volume, which differs strongly for linear and
branched polymers of identical molar mass. An increased ratio of
monomer to CTA2 provided the larger hydrophilic brush
(PEGA)858, which was well defined, too (Table 1). Therefore, we
applied these CTA2 based homopolymers for the synthesis of
symmetrical ABA triblock copolymers.
Triblock copolymers with a reactive central block made of
inimers were prepared by RAFT polymerisation of ClPEA,
starting from the bifunctional macro-RAFT agents (PEGA)384
or (PEGA)858. The semi-brush triblock copolymer (PEGA)192-b-
(ClPEA)72-b-(PEGA)192 dispersed in water forms aggregates,
which are stable over several months. This observation impliesThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinethat the hydrophobic ClPEA was successfully added onto the
hydrophilic (PEGA)384 or (PEGA)858 macro-RAFT agents,
indicating qualitatively the successful synthesis of the amphi-
philic reactive triblock copolymer, as discussed below.
Table 1 lists the data of their characterisation by 1H NMR and
SEC. The SEC elugrams of (PEGA)192-b-(ClPEA)72-b-
(PEGA)192 in Fig. 2a exemplify the very small shift and broad-
ening of the molar mass distributions seen after the block
copolymerisation step, without the presence of a second, new
peak. The macroscopic increase in mass after the chain extension
step, however, implies that copolymer is formed. The weak effect
of the incorporated central polyClPEA block on the SEC elu-
gram may be explained by brush character of the outer long
polyPEGA blocks that dominate the hydrodynamic behaviour in
the eluent.
Indeed, Fig. 3ii depicting exemplarily the 1H NMR spectrum
of (PEGA)192-b-(ClPEA)72-b-(PEGA)192 in comparison with the
spectrum of the macro-RAFT agent (PEGA)384 (Fig. 3i) clearly
shows the presence of both the hydrophilic polyPEGA block and
the polyClPEA block in the reaction products. While SEC
analysis alone is not conclusive, the combined SEC and 1H NMR
data prove the successful chain extension yielding the amphi-
philic triblock copolymers. Accordingly to their overall compo-
sition determined from the integrated 1H NMR spectra, the
molar masses of the triblock copolymer were calculated,
assuming that the molar mass values of the polyPEGA blocks
remained unchanged in the copolymerisation steps. Again, the
calculated values agreed well with the theoretical molar masses
derived from the conversion and the amounts of monomer and
RAFT agent used (Table 1).
Following the successful synthesis of (PEGA)192-b-(ClPEA)72-
b-(PEGA)192, the macro-RAFT agents (PEGA)858 and
(ClPEA)680 were subsequently employed to prepare even larger
amphiphilic triblock copolymer analogues. 1H NMR analysisFig. 3 1H NMR spectra in CDCl3 of (i) (PEGA)384, (ii) (PEGA)192-b-
(ClPEA)72-b-(PEGA)192, and (iii) TriB-1 (from bottom to top).
This journal is ª The Royal Society of Chemistry 2011shows the presence of both polyPEGA and polyClPEA blocks in
the reaction product. However, products with much broader
molar mass distributions were obtained with both macro-RAFT
agents according to SEC (cf. ESI†, Fig. S2). The synthesis
sequences starting with CTA1 as well as with CTA2 provided
bimodal distributions, with a minor peak at the same elution time
as the macro-RAFT agents, suggesting the presence of inactive,
residual precursor polymer, and the major peak at considerably
longer elution times, attributed to the newly formed triblock
intermediates. The delayed elution of the block copolymers
compared to their macro-RAFT agent precursors may be caused
by attractive interactions with the column material or by
attractive interactions of the blocks resulting in a compact
conformation. In any case, the combined analytical data show
the successful making of the large reactive triblocks (PEGA)375-
b-(ClPEA)680-b-(PEGA)375 and (PEGA)429-b-(ClPEA)470-b-
(PEGA)429.
Still, it is evident from the synthesis of the reactive block
copolymers with high molar masses, that controlled free radical
polymerisation methods, such as RAFT, become increasingly
challenging and seem to approach their limits, as to be expected
from theory.22 In comparison, RAFT polymerisation mediated
by CTA2, where the active group of the growing polymer chain is
placed at the outer ends of the polymer, seemed to be more
effective in order to get defined block copolymers than the use of
CTA1, as judged from the relative importance of the residual
precursor peaks.Synthesis of giant surfactants by ‘‘grafting-from’’ of BuA
The multiple pendant chlorine groups of the polyClPEA block
were used to initiate the graft polymerisation of BuA onto the
various precursor triblock copolymers in ethyl acetate/toluene
(20 v/80 v) by ATRP at 70 C. The monomer-to-initiator ratio
was chosen as about 200 and the grafting was stopped at
monomer conversions below 50% (cf. Table 2 for polymerisation
conditions and analytical data from 1H NMR and SEC). Again,
accurate estimations of molar mass distributions of the amphi-
philic copolymer dual brushes were complicated by non-size
exclusion effects in SEC analysis, as found for the precursor
block copolymers.8,39,40 Nevertheless, for the synthesis of TriB-1,
one peak at considerably shorter elution times was observed in
the elugrams, corresponding to higher molar mass of the product
and indicating successful grafting of BuA to the backbone
(Fig. 2a). The polydispersity indices were in the range of 1.3,
suggesting controlled grafting of BuA. The combined SEC and
1H NMR analyses (see Fig. 3) show the successful grafting to
yield the novel amphiphilic dual brush (PEGA)192-b-(ClPEA-g-
BuA51)72-b-(PEGA)192 and (TriB-1) with 23 vol% PEGA.
In addition to the successful controlled synthesis of TriB-1,
both ATRP initiators (PEGA)429-b-(ClPEA)470-b-(PEGA)429
and (PEGA)375-b-(ClPEA)680-b-(PEGA)375 were engaged for the
synthesis of the higher homologues TriB-2, TriB-3 and TriB-4
(Table 2). Owing to the reported intra- or even intermolecular
radical coupling reaction for macroinitiator systems with
multiple initiating sites,41 a catalyst-to-initiator molar ratio of 0.5
for TriB-3 and TriB-4 was chosen to minimize such side reac-
tions, while keeping in mind that a reduced amount of copper
catalyst increases the grafting efficiency.40,42,43 Despite thePolym. Chem., 2011, 2, 137–147 | 143
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View Article Onlinebimodal polymer distribution of the large ATRP macro-
initiators, one major peak at considerably shorter elution times,
that correspond to products with increased molar mass, was
observed in the elugrams after purification, pointing to successful
grafting of BuA to the backbone (cf. ESI†, Fig. S2). PDI values in
the range of 1.4–1.5 for the major peak indicate satisfactory
control over the ATRP process. Furthermore, the combined SEC
and 1H NMR analytical data unambiguously demonstrate the
successful grafting to yield the amphiphilic dual brushes TriB-2,
TriB-3, and TriB-4 with 6, 10 and 5 vol% PEGA, respectively.Fig. 4 SANS intensity as function of the magnitude of the scattering
vector, q, at 25 C: (P) 1.0 wt% (PEGA)192-b-(ClPEA)72-b-(PEGA)192 in
D2O; (,) 0.9 wt% TriB-1 in D2O/DMF (10 : 1); and (B) 0.1 wt% TriB-1
in D2O.Analysis of the grafted side chains
To analyse the grafted side chains of polyBuA in the dual brush
copolymers, the side chains were cleaved from the backbone,
using acid-catalyzed transesterfication in n-butanol. This reac-
tion medium was selected to ensure the preservation of the butyl
ester groups during the cleavage. SEC analysis of the cleaved side
chains reveals monomodal molar mass distributions with poly-
dispersities in the range of 1.3–1.45, being in the range of the
theoretical value for slow initiation.40,43,44 As shown in Fig. 2b,
the peak of the TriB-1 disappeared during cleavage reaction. As
the weight fraction of the backbone polymers is very small in
comparison to the amount of side chains, the effect of the
backbone can be neglected. The apparent grafting efficiencies, as
calculated from the ratio of the theoretically calculated molar
masses of the grafts to the experimentally found ones, are in the
range of 50–80% (see Table 2). They are in the range that can be
expected for polyBuA brushes.42Table 3 Radius of gyration (Rg), intensity extrapolated at q ¼ 0 (I(0)),
molecular weight (Mw), aggregation number (Nagg), radius for a compact
sphere with Mw (Rcomp), and hydrodynamic radius (Rh) as obtained by
SANS, SLS, and DLS for the various samples of precursor (PEGA)192-b-
(ClPEA)72-b-(PEGA)192 and the derived dual brush TriB-1 in D2O
Polymer Precursor TriB-1
PEGA (vol%) 92 23
Solvent D2O D2O D2O/DMF 10/1
Concentration (wt%) 0.996 0.100 0.904
Rg (SANS)/nm 60.2 48.9 73.1
I(0) (SANS)/cm1 280 1800 11 000
Mw (SANS)/g mol
1 7.4  106 3.4  109 2.3  109
Nagg 31 460 390
Rcomp (I(0))/nm 13.7 50.6 44.4
Rg (SLS)/nm 76.1 60.9 226.3
Mw (SLS)/g mol
1 3.4  106 2.5  109 4.8  109
Nagg 75 620 810
Rh (DLS)/nm 106.6 91.2 205.7Self-organisation in aqueous solution
Differential scanning calorimetry (DSC) revealed that all the
dual brush block copolymers exhibit an intense melting peak Tm
at about 10 C as well as a glass transition Tg at about 65 C,
which is characteristic for the polyPEGA blocks. Additionally,
a second glass transition at about 40 C is found, which is
attributed to the polyBuA grafts (cf. ESI†, Fig. S3). The intense
glass transition signal of the polyBuA grafts in TriB-2, TriB-3,
and TriB-4 is due to the substantial weight fraction of BuA in
these dual brush polymers. The occurrence of two separate glass
transitions in TriB-1, TriB-2, TriB-3 and TriB-4 well below 0 C
indicates, on the one hand, that the copolymers are made of soft
blocks. On the other hand, the two glass transitions indicate that
the hydrophilic polyPEGA brushes and the hydrophobic poly-
BuA brushes are incompatible and micro-phase separate in bulk.
In addition to their amphiphilic nature, this should favour the
tendency of the dual brush copolymers to self-organise in selec-
tive solvents, too, for instance in aqueous solutions. In fact, a first
qualitative test by 1H NMR in D2O solution reveals missing
signals of the hydrophobic polyBuA chains, thus pointing to the
aggregation of the hydrophobic blocks (cf. ESI†, Fig. S4). The
aggregation behaviour in aqueous solution was studied in more
detail by DLS and complementary SANS and SLS measure-
ments. The SANS measurements in D2O (protocol A) and D2O/
DMF mixtures (protocol B) are shown in Fig. 4 (for SLS data,
see ESI†, Fig. S5). Intensity and shape of the curves show
immediately that the molar mass of the aggregates formed by the
amphiphilic precursor polymer (PEGA)192-b-(ClPEA)72-b-144 | Polym. Chem., 2011, 2, 137–147(PEGA)192 is much less than that of the ones formed by TriB-1,
i.e. after grafting the hydrophobic polyBuA chains.
From a model-independent analysis by the Guinier approxi-
mation (eqn (S1)†) we derived radius of gyration, Rg, intensity
extrapolated to zero scattering angle, I(0),45 and from that the
molecular weight Mw of the aggregates by eqn (S2)†. The values
obtained from this way are summarized in Table 3. A similar
analysis was done for the SLS data (Fig. S5†) but it should be
noted that in general the light scattering data have a tendency for
yielding somewhat larger values, as here one simply probes
a larger length scale than in SANS.
In the case of (PEGA)192-b-(ClPEA)72-b-(PEGA)192 SANS
yields an aggregation number of 31 and a corresponding radius
of a compact sphere aggregate of 13.7 nm. In contrast the size
deduced from the radius of gyration is 60 nm, thereby making it
clear that no compact micellar aggregates can be present, but
much more extended structures which would be compatible with
a vesicular structure. This picture is in agreement with the light
scattering data that would yield a compact radius of 18.4 nm,
while the hydrodynamic radius Rh (that probes the real extension
of the aggregates) is 107 nm. Furthermore the oscillatoryThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinescattering pattern of (PEGA)192-b-(ClPEA)72-b-(PEGA)192
aggregates in D2O is indicative of a core–shell structure. From
the minimum observed at 0.055 nm1 one can conclude that these
shells have a mean radius of 57 nm, in very good agreement with
the picture of a vesicle structure.
In the case of the dual brush TriB-1, the analysis of the scat-
tering data is in agreement with a micellar structure consisting of
a hydrophobic core made from the polyBuA brush middle block
and of a hydrophilic corona made from the polyPEGA brushes.
The picture that arises from these data differs notably for the
precursor macrosurfactant (PEGA)192-b-(ClPEA)72-b-(PEGA)192
and the derived giant surfactant TriB-1. These sizes must be
discussed keeping in mind that, according to synthetic procedure
and experimental characterisation, the maximum length of the
stretched molecules is 114 nm.
For the dual-brush TriB-1, all three methods yield a rather
consistent picture with radii of gyration deduced from SANS and
SLS being 49 nm and 61 nm, respectively, a hydrodynamic radius
of 91 nm, and a compact radius deduced from the intensity
extrapolated to zero scattering angle, I(0), of 51 nm. The ratio
Rg/Rh of 0.67 is significantly lower than the value of 0.778
expected for hard spheres and closer to values typically observed
for microgels.45,46 Accordingly the dual-brush polymer forms
spherical aggregates with an aggregation number of about 460
and with a maximum extension of 91 nm. This is in reasonable
agreement with the size expected from its contour length.
Assuming a compact polyBuA core that would be of 45.3 nm
radius, we can calculate an area of 28.0 nm2 per hydrophilic
brush at the hydrophobic/hydrophilic interface which is in rather
good agreement with the 48 nm2 one can calculate as an upper
limit based on the fully stretched PEG brush. The experimental
value is somewhat larger than the 18–20 nm2 observed before for
similar giant surfactants having the same hydrophilic brush but
a polystyrene hydrophobic brush. Note that these aggregates are
long-time stable as during several months we observed no
changes in aggregates size by DLS or SANS.
However, these aggregates depend notably on the way of
preparation and of solvent present. When prepared by protocol
B, TriB-1 gives much larger particles, for which one mainly
observes the q4 behaviour of large particles by SANS. Actually,
the aggregates present are too large to be well-observed within
the q-window of the SANS experiment. Therefore the values in
Table 3 derived from SANS are lower limits for the true size
values. In contrast, SLS and DLS give a picture of rather large
particles with radii of about 200–220 nm. This implies that we do
not observe simple micellar aggregates, since the radii are much
too large for spheres built with molecules of 114 nm contour
length. Instead, multiply aggregated particles must be present
here and this is also indicated by strong angular dependence of
the SLS curves (cf. ESI†, Fig. S5c).
In the case of TriB-1, the samples made in D2O obviously form
rather compact micellar aggregates with a polyBuA core and
a dense corona of the PEGA brush. It is interesting to note that
the aggregates formed by the precursor (PEGA)192-b-(ClPEA)72-
b-(PEGA)192 possess similar extensions by Rg and Rh (Table 3).
This is not surprising as the maximum size of aggregates formed
should be determined by the maximum length of the stretched
molecules, which is the same for both polymers. The difference
between the two types of triblock copolymers is that a bulkyThis journal is ª The Royal Society of Chemistry 2011hydrophobic core is present for the dual-brush TriB-1, with only
a relatively small hydrophilic PEGA brush, while the opposite
holds for the precursor semi-brush (PEGA)192-b-(ClPEA)72-b-
(PEGA)192. Accordingly, a large hydrophobic core is formed in
the case of dual brush TriB-1, thereby making Rg smaller than for
the precursor polymer, where the scattering arises from a vesic-
ular structure.
In summary, the combined scattering experiments confirm
that globular micellar aggregates are formed. These are rather
well-defined for the case of protocol A, whereas much larger and
lesser defined aggregates are formed by protocol B. The aggre-
gation number of the dual brush copolymers is much larger than
the one of the precursor copolymer, due to the much larger
hydrophobic block to be covered by the same stabilising
hydrophilic block.Single-molecule visualisation by SFM
Single molecules of the semi-brush precursor (PEGA)375-b-
(ClPEA)680-b-(PEGA)375 and the corresponding dual brush
TriB-4 were deposited from THF and CHCl3 on mica, in order to
investigate their shape and size distributions at surfaces. Whereas
deposition from THF resulted only in spherical objects, deposi-
tion from CHCl3 led to stretched adsorbed polymers. While the
flexible semi-brush precursor (PEGA)375-b-(ClPEA)680-b-
(PEGA)375 exhibits small snake-like conformations (cf. ESI†,
Fig. S6), the morphology of the corresponding dual brush differs
significantly.
Fig. 5a presents SFM images of the long amphiphilic dual
brush TriB-4 exhibiting worm-like structures. The distribution of
the contour lengths of single worm-like structures exhibits
a maximum around 100 nm with a number-averaged length Ln ¼
107 nm (Fig. 5b). Considering the number average degree of
polymerization of the main chain of 1430 (Table 2), the value of
Ln is only a third of the contour length of a fully extended chain
Lc, with Lc ¼ 1430  0.25 nm ¼ 357 nm. This large difference is
difficult to explain by the limited grafting density of about 60% of
the side chains (see ESI†, Table S2).43,47
Fig. 5c and d reveal the structure of single polymer brushes of
TriB-4 at higher resolution. A cross-sectional analysis shows that
the height of the spine of TriB-4 is about 1.6 nm, while the width
is approximately 100 nm. The experimentally observed half
width of the brushes on the surface of 50 nm compares well to the
length of the fully stretched grafted chains of the hydrophobic
brushes, LSC. With a molar mass of the cleaved grafted chains of
Mn ¼ 29.5 kg mol1 and thus a DPn,sc,GPC ¼ 230, one obtains
LSC ¼ 230  0.25 nm ¼ 57 nm. This agreement suggests that the
soft polyBuA side chains are highly extended, resulting in the well
resolved corona in the images. On the other hand, there is no
indication of the stretched hydrophilic blocks, which if extended
would be each 94 nm long with side chains that are only 4 nm
long if fully extended. Also there is no indication of coiled end
blocks, which should exhibit a diameter of 8 nm, assuming a PEO
density of 1.1 g cm3. Moreover, the spine is surprisingly thick.
This puzzle is solved, if one assumes a backfolding of the main
chain, which reduces the contour length to less than half the fully
extended contour, and also explains the thickened spine. Similar
backfolding has been observed for charged dendronized poly-
mers in a polar solvent, driven by the hydrophobic effect.48 Here,Polym. Chem., 2011, 2, 137–147 | 145
Fig. 5 SFM images of dual brush TriB-4 deposited on mica: (a) height
image; (b) histogram of measured contour lengths; (c) height image and
(d) phase image of zoom in area marked in (a). (e) Cross-section, indi-
cated as dotted line in the height image (c), showing the height difference
between the substrate and the graft chains and the backbone, respec-
tively. (f) Backfolding model suggesting that the end blocks fold back on
the top of the middle block (top view).
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View Article Onlinethe driving force is not clear. Possibly, the stretched two-
dimensional arrangement induces an orientation of the ester
moieties at the polymer backbone, the resulting dipole moment
being compensated by the ether moieties of the backfolded
polyPEGA chains.
Conclusions
The combination of two techniques of controlled free radical
polymerization, namely the RAFT and the ATRP techniques,
together with the use of a macromonomer is a powerful strategy
to prepare novel amphiphilic dual brush copolymers in form of
symmetrical triblock copolymers. Both the hydrophilic and the
hydrophobic blocks are soft blocks with low glass transitions,
which micro-phase separate in the bulk. In aqueous solution,
they behave as amphiphiles and, thus represent by virtue of their
unusual large size giant surfactants. These form long-time stable
micellar or vesicular aggregates depending on their molecular146 | Polym. Chem., 2011, 2, 137–147architecture. On mica surfaces, the triblock copolymers can be
adsorbed as single molecules with worm-like backbones and
stretched out side chains. The SFM images indicate that end
blocks may back-fold onto the middle block.
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